ABSTRACT Toxicity, repellency, and performance of three insecticides, ␤-cyßuthrin EC, Þpronil granules, and an essential oil EC formulation, were evaluated against the Asian cockroach, Blattella asahinai Mizukubo, in Þeld and laboratory experiments. The ␤-cyßuthrin EC and Þpronil granules were signiÞcantly more toxic than the essential oil EC formulation under continuous exposure conditions, with LT 50 values of 0.014, 0.45, and 11.45 d, respectively. The ␤-cyßuthrin EC and Þpronil granules were also signiÞcantly more toxic than the essential oil EC formulation in an Ebeling choice box test with LT 50 values of 0.64, 1.98, and 59.64 d, respectively. Field applications of insecticides at label rates to Asian cockroach populations in Dothan, AL, showed that ␤-cyßuthrin EC and Þpronil granules reduced populations by 100% at 7 and 30 d after treatment. The essential oil EC formulation initially reduced populations by 68% at 7 d, but control diminished to 2% by 30 d. Results of the Þeld applications and laboratory experiments demonstrate that the ␤-cyßuthrin EC and Þpronil granules provide excellent control of Asian cockroach populations.
The Asian cockroach, Blattella asahinai Mizukubo, is an important peridomestic pest in the southeastern United States (Hu et al. 2005 , Appel et al. 2009 ). This species was Þrst described in 1981 from Okinawa, Japan (Mizukubo 1981) , and introduced into Florida in 1986 (Roth 1986 ). Originally, it was limited to three adjacent counties around Tampa Florida (Brenner et al. 1986, Koehler and Patterson 1987) but as of 2007, all 67 counties in Florida have established populations (P.G. Koehler, personal communication) . In addition to Florida, these cockroaches are also present in seven Alabama counties and eight Georgia counties ) and appear to be dispersing by hitchhiking along major interstates and highways. SpeciÞ-cally in Alabama, the Asian cockroach has ßourished in Dothan, AL, spreading throughout the city rapidly since 2003 (Hu et al. 2005 , Appel et al. 2009 ).
In south Alabama, populations of the Asian cockroach begin to increase in late May and reach their zenith in late August; populations sharply decline with the onset of cooler fall weather (Snoddy 2007) . Cockroaches burrow into leaf litter and top soil during extreme temperatures or dry weather (Snoddy 2007) . The Asian cockroach is a peridomestic pest because it lives outdoors and enters residential or commercial structures where it can become a nuisance. Cockroaches that live outdoors can encounter a variety of pathogens, such as Salmonella spp., which they can mechanically vector by contaminating food or food preparation surfaces with cockroach feces, body parts, and pathogens (Kopanic et al. 1994 , Tatfeng et al. 2005 , Garcṍa et al. 2012 ). In addition, people can have allergic reactions from exposure to cockroach feces and body parts when populations increase inside the home (Ebeling 1978) . Most of allergies are asthmatic and, in some cases, can be life threatening.
The Asian cockroach prefers a general habitat consisting of leaf litter and shady areas (Brenner et al. 1988) . In laboratory studies, Snoddy and Appel (2013) found that Asian cockroaches prefer mulches with small interstitial spaces that maintain high humidity, such as those made from artiÞcial rubber. Asian cockroaches were also found to be pests of citrus groves in Florida (Brenner et al. 1988 , Wadleigh et al. 1989 , Persad and Hoy 2004 , Richman 2005 . In addition, this species was found feeding on Lepidoptera eggs in soybean Þelds in south Texas in 2008 (Pfannenstiel et al. 2008 ). At present, there is only limited information concerning control of the Asian cockroach (Koehler 1999) , with no recent reports on insecticide control in urban environments, nor suggestions for residential integrated pest management (IPM) programs.
Like other peridomestic cockroach species such as the smokybrown, Periplaneta fuliginosa (Serville), (Appel and Smith 1996) , large outdoor Asian cockroach populations can be invasive and cause homeowners to treat indoors. Homeowners and pest control operators unfamiliar with the differences between the Asian and the closely related German cockroach, B. germanica (L.), may treat inside the home exposing residents to ineffective and unnecessary residues of pesticides. One conventional practice for peridomestic insect control is to treat a perimeter around the house ("zone of death") with a broad-spectrum residual insecticide (Koehler 1999, Appel and Smith 2002) . Because the Asian cockroach is a strong ßyer and can ßy Ͼ36.6 m during a single ßight (A.G.A., unpublished data), it is unlikely that a perimeter treatment would be effective. In addition, perimeter sprays have numerous drawbacks including rapid degradation of the insecticide, exposure of residues to nontarget animals and the environment, and nondiscriminatory elimination of numerous beneÞcial arthropods (Appel and Smith 2002) . Two insecticides that remain available for homeowner treatment of outdoor insect pests are ␤-cyßuthrin EC liquid and Þpronil granules, both of which have relatively low mammalian toxicity and long residual control (Yu 2008) . Koehler (1999) reported that the Asian cockroach in Florida is susceptible to most insecticides, in stark contrast to the closely related German cockroach (Ebeling 1978; Cochran 1982 Cochran , 1984 .
The objective of this study was to evaluate several candidate insecticides, including a natural essential oil, using laboratory studies, and then determine their efÞcacy against Asian cockroaches under Þeld conditions in an urban environment. With this information, we hope to develop an IPM program using small, but effective, amounts of insecticides as one component and in this way manage Asian cockroaches around the home while reducing pesticide exposure to humans, animals, and the environment. ). Continuous Exposure Tests. Two milliliter of ␤-cyßuthrin or essential oil formulation was pipetted onto 15-by 30.5-by 0.5-cm aluminum foil-covered glass sheet. Fipronil granules (0.45 g) were applied evenly onto 15-by 30.5-by 0.5-cm aluminum foil-covered sheets. The liquids were pipetted onto the aluminum foil and spread evenly with a glass microscope slide every 5 min until completely dried under a laboratory fume hood. Total drying time did not exceed 1 h. Three, 9-cm-diameter glass Pyrex petri dishes with the insides coated with a light layer of mineral oil to conÞne the insects to the residue were placed open side down onto a the foil covered sheet. Six cockroaches were introduced under each petri dish. Cockroaches moved freely under each dish. Mortality was recorded every 10 min for the ␤-cyßuthrin treated, and every 20 min for the essential oil formulation and Þpronil treatments for the Þrst 4 h and then every 2 h for the next 20 h (until 24 h). After 24 h, data were recorded every 8 h until 48 h when the test was terminated.
Materials and Methods

Laboratory
Ebeling Choice Box Tests. Cockroach repellency and mortality were determined in Ebeling choice boxes (Ebeling et al. 1966) as described by Appel (1990 Appel ( , 1992 . Food and water were placed in the lighted compartment of the choice box. Two milliliter of stock solution of the ␤-cyßuthrin or essential oil formulation were pipetted onto aluminum foil-covered inserts (15 by 30.5 by 0.5 cm) that Þt snugly into the ßoor of the dark compartment. The liquids were spread and dried as in the Continuous Exposure Tests. Fipronil granules (0.45 g) were applied evenly onto an aluminum foil-covered insert. Control boxes were also Þtted with aluminum foil-covered inserts, but were treated with 2 ml of distilled water. Ten male Asian cockroaches were introduced into the untreated light side of the Ebeling Choice Box. The cockroaches were allowed to move freely between the dark (treated) and light (nontreated) compartments of the choice box.
Choice boxes were exposed to a photoperiod of 12:12 (L:D) h at 25Ð28ЊC. Banks of white ßorescent lights were 1.6 m above the choice boxes and produced a light intensity of 300 Ð500 lux as measured by an INS digital lux meter (Markson ScientiÞc, Phoenix, AZ) in the untreated compartment. The number of live and dead Asian cockroaches in each compartment at 3Ð 4 h into the light photophase was recorded daily for 7 d. Repellency was deÞned as the mean percentage of live cockroaches present in the light compartment during the photophase. Six replicates were used for each treatment in a completely randomized design.
Field Sampling Technique. Asian cockroach populations were sampled using the method described by Snoddy (2007) . Brießy, the bottom of a standard white 5-gal (Ϸ19 liters) plastic paint bucket (Lowes, Mooresville, NC) was removed and the sides sharpened. The modiÞed bucket was placed on the ground and quickly driven by hand into the leaf litter. This procedure allowed adult Asian cockroaches to ßy from the enclosed 507 cm 2 (diameter of the bottom of the bucket) leaf litter to the sides of the bucket and to run on the inside walls where they could be counted. Nymphs would also run up the side of the bucket and could be easily counted. Driving the bucket into the leaf litter assured an accurate count in a conÞned space (507 cm 2 ) with a minimum number of escapees. Each plot was sampled Þve times and the counts were combined.
Insecticide Treatments. We tested the three insecticides described above at label rates. Fipronil granules were applied with a hand-held spreader (The Scotts Co. LLC, Marysville, OH, model #71133) at a rate of 227 g/23.24 m 2 (250 ft 2 ). The essential oil formulation concentrate was diluted in water to 31.25 ml/liter (4 oz/gal) and applied at a rate of 15.14 liters (4 gal) of Þnished spray per 23.24 m 2 (250 ft 2 ). ␤-cyßuthrin EC was applied at a rate of 7.81 ml/liter (1 oz/gal) of water and 0.45 liters/23.24 m 2 (0.12 gal/250 ft 2 ). The spray tank was cleaned between treatments using All Clear Spray Tank Decontaminator (Loveland Products, Greeley, CO).
Liquid formulations were mixed in a County Line Tractor Supply Co. 94.62 liters (25 gal) ATV mounted boom-less sprayer with a hand wand. The hand wand was equipped with an adjustable brass tip with 100 mesh screen (Hamilton Power Jet Wand, model #1900 Ð 01-018; W. L. Hamilton Co., Marshall, MI) and was mounted on 7.6 m (25 ft) of 9.5 mm (3/8 in) ID AG 200 braded rubber hose. The 94.62-liter (25 gal) tank was a 12-volt powered sprayer that had a 14.5 liters per min (3.8 gpm) capacity pump with recirculation for agitation. A 12-volt PowerFlo diaphragm pump (Delavan Pump Inc., Minneapolis, MN, model #5836 Ð201C-BP) was used to power the sprayer. The sprayer was mounted on a 1996 Honda ATV (model #TRX400FWT) and was hard wired into the electrical system for continuous electrical supply to the pump.
The 94.62-liter (25 gal) tank was half Þlled with clean City of Auburn, AL, tap water; liquid insecticides were introduced into the tank with full agitation, and the tank was then Þlled to 94.62 liters (25 gal) capacity. Insecticides were agitated for 5 min before application. Insecticides were applied to the test plots using the hand held wand at the rate of 3.785 liters (1 gal) per minute at 40 psi pressure. After application of insecticides, the tank was washed once with clean water, and the lines were ßushed with clear water. The tank was then half Þlled with clean water and All Clear Spray Tank Decontaminator was added at the rate of 473.12 ml (16 oz)/94.62 liters (25 gal) of water under agitation, and the tank was Þlled to the 94.62 liters (25 gal) capacity and allowed to agitate for 5 min; all lines were ßushed with the All Clear Spray Tank Decontaminator mixture during the agitation process and then emptied. The tank was then washed with clean water and all lines were ßushed with clean water.
The number of Asian cockroaches was sampled on 7 September 2010 (day 0) and treatments were applied the same day. Cockroach populations were sampled again 1, 7, 21, and 30 d after treatment using the technique described above.
Data Analysis. Mortality (LT 50 ) in the continuous exposure tests and Ebeling choice box tests were analyzed by probit analysis for correlated data (Throne et al. 1995) because multiple observations were recorded from the same individuals. SigniÞcantly different LT 50 values were based on nonoverlap of the 95% CI. Repeated measures analysis of variance (ANOVA) was used for the choice box repellency data (PROC MIXED; SAS 2011). Main effects of treatment and time as well as the interaction variable (treatment ϫ time) were considered signiÞcant at P Ͻ 0.05. We used the differences in least square means pairwise test (PROC MIXED; SAS 2011) that combined the 7 d of observations to determine signiÞcant treatment effects. For each treatment, change in repellency of adult males in Ebeling choice boxes was plotted over time, and analyzed using linear regression (Systat Software, Inc. 2012). Cockroach Þeld population data were analyzed using SAS Institute software (SAS 2011). A split-plot repeated measures ANOVA was used to determine differences between sites and among insecticide treatments. Differences were considered signiÞcant at P Յ 0.05.
Results
Continuous Exposure. There was rapid (LT 50 Ͻ 1d) mortality of adult male Asian cockroaches in the ␤-cyßuthrin and Þpronil treatments (P Ͼ 0.05); there was no mortality in the untreated control (Table 1) . The LT 50 (95% CI) values ranged from 0.014 d for the ␤-cyßuthrin treatment to 11.14 d for the essential oil treatment (Table 1) .
Choice Box Insecticide Toxicity. LT 50 (95% CI) values of adult male Asian cockroaches conÞned in Ebeling choice boxes ranged from 0.64 to 175.54 d for ␤-cyßuthrin and the untreated control, respectively (Table 1 ). There were no signiÞcant differences in toxicity between the control and the essential oil formulation. LT 50 values for Þpronil and ␤-cyßuthrin treatments were signiÞcantly different because there was no overlap of the 95% CIs (Table 1) . The control and essential oil formulation treatments were signiÞ-cantly less toxic than the Þpronil and ␤-cyßuthrin treatments (Table 1) .
Choice Box Insecticide Repellency. Combining all 7 d, mean repellency (percentage of live cockroaches present in the lighted compartment during the photophase) of adult male Asian cockroaches ranged from 10.62 to 59.99% for the untreated control and ␤-cy-ßuthrin, respectively (Table 2 ). ␤-cyßuthrin was the most repellent treatment and was signiÞcantly more repellent than the control and essential oil treatments. ␤-cyßuthrin was not, however, signiÞcantly more repellent than Þpronil granules (Table 2 ). Repellency to the control and essential oil treatments declined linearly over time ( Fig. 1; Table 3 ). There was no change in repellency of the Þpronil treatment during the 4 d of the test that cockroaches remained alive. By day 3 of the choice box test, there was 100% mortality of cockroaches in the cyßuthrin treatment; therefore, the regression was not calculated with just 2 d of repellency data.
Field Insecticide Applications. The mean number of Asian cockroaches sampled before treatment ranged between 4.8 cockroaches in the essential oil formulation plot to 6.5 cockroaches for the control plot (Table  4) . However, these numbers were not signiÞcantly different indicating approximately equivalent cockroach populations in all of the plots. It should be noted that during application of the essential oil formulation a number of adult and large nymph Asian cockroaches were observed running out of the plot and into neighboring plots. Several adult Asian cockroaches were also observed ßying out of the treated plot. No other treatments resulted in ßushing or repellent activity by Asian cockroaches.
The mean number of Asian cockroaches sampled in all of the insecticide treatments declined 46 Ð72% in 1 d; the number of cockroaches in the untreated control, however, increased 69% ( Fig. 2; Table 4 ). At days 7 through 30, the number of Asian cockroaches in the untreated control was similar to the pretreatment numbers (Table 4 ). In the insecticide treatments, the essential oil formulation reduced cockroach numbers Ϸ69% and the granular Þpronil and liquid ␤-cyßuthrin EC reduced cockroach numbers 100% (Fig. 2) . There was no change in percentage reduction between days 7 and 21 for the insecticide treatments; there were still cockroaches present in the essential oil formulation treatment. Thirty days after treatment, cockroach numbers had increased to pretreatment values in the essential oil formulation treatment (and the untreated control), but no cockroaches were detected in the Þpronil granule or ␤-cyßuthrin EC spray treatments ( Fig. 2; Table 4 ). Split plot in-time analysis revealed signiÞcant (P Ͻ 0.05) treatment, site, and treatment by site interactions. Adjusting for these Þxed effects and combining all dates, the insecticide treatments resulted in signiÞcantly lower cockroach numbers than the untreated control (P Ͻ 0.0001; Fig. 2 ).
Discussion
Most homes in southern Alabama have mulch landscaping that is ideal habitat for Asian cockroaches. However, only a few broad-spectrum insecticides that can be purchased by homeowners remain readily available (Snoddy 2012) . Both ␤-cyßuthrin EC and Þpronil granules are the most commonly marketed outdoor insecticides for homeowner use (Snoddy 2012) . In addition, essential oil insecticide formulations have become increasingly popular with the public because of their perceived safety compared with LSmeans are presented for the entire 7-d test; repeated measures ANOVA followed by a pair-wise differences between least squares means test (PROC MIXED; SAS 2011).
a Means followed by the same letter are not signiÞcantly different at P Ͻ 0.05. traditional insecticides (Barcay 2004) and their "natural" derivation.
␤-Cyßuthrin was the most toxic treatment in continuous exposure and Ebeling choice box experiments followed by Þpronil and Þnally the essential oil (Table  1) . ␤-Cyßuthrin was also the most repellent treatment in the Ebeling choice box experiment even though we observed noticeable repellency (ßushing) of all stages of the Asian cockroach in the essential oil treatment in the Þeld. Because the essential oil deposit was dried before the Ebeling choice box test, it was possible that repellent compounds in the treatment had volatilized and that the actual repellency of the treatment was not measured. We therefore conducted another Ebeling choice box experiment using the same amount and concentration of the essential oil treatment only without allowing the deposit to dry. At day 1, the wet essential oil treatment resulted in 71.67 Ϯ 8.72% repellency ( Fig. 1) , which was signiÞcantly (P Ͻ 0.05) more repellent than any of the other treatments. Repellency of the wet essential oil declined linearly (Percentage repellency ϭ Ϫ10.12 Ϯ 0.17 • Day ϩ 82.11 Ϯ 0.55; r 2 ϭ 0.99; F ϭ 3,658.41; P Ͻ 0.0001) between days 1 and 5 then remained constant (Fig. 1) . Repellency of the dry essential oil deposit also declined signiÞ-cantly, but not as quickly (slope ϭ Ϫ4.95, Table 3 ) as the wet essential oil deposit (slope ϭ Ϫ10.12).
There were no differences in mortality between the Þpronil granular treatment and the liquid ␤-cyßuthrin EC spray treatment, and both of these treatments had signiÞcantly fewer cockroaches than the essential oil formulation treatment (Table 3) . This is consistent with the laboratory results using Ebeling choice boxes and continuous exposure (Table 1) . Population increases in the untreated control were most likely owing to the "ßushing action" or repellency of the essential oil formulation to all stages. The ßushing action of the essential oil formulation was observed at both Þeld locations.
Differences between Þeld and laboratory observations with the essential oil formulation could also be related to the volume of solution applied. Although both in the laboratory experiments and the Þeld applications the same concentration of active ingredient was used, the amount of solution applied in the Þeld was based on label rates. The 15.14 liters (4 gal) of essential oil formulation Þnished spray per 23.24 m 2 (250 ft 2 ) seemed to be an excessive volume. All of the plant material and soil was completely coated past "run off." The formulation was also quite odorous! In contrast, the leaf litter in the ␤-cyßuthrin treatment was barely wetted and odorless. It is possible that more Asian cockroaches may well have been directly contacted with the essential oil formulation causing them to become agitated and to increase their movement out of the treated area. Vapors of the essential oil formulation may have also contributed to the ßushing activity.
The ␤-cyßuthrin EC had the fastest population reduction of the insecticide treatments (Table 4 ; Fig. 2 ), which is also consistent with the laboratory Ebeling choice box toxicity and continuous exposure results (Table 1) . Abd-Elghafar et al. (1990) also found ␤-cyßuthrin EC to be the most toxic out of 10 different insecticides tested against the closely related and similar size German cockroach. The Þpronil granules, which are easily applied by homeowners, took longer to reduce the populations as is typical with granular insecticide applications (Table 3 ; Fig. 1 ). Fipronil and ␤-cyßuthrin were signiÞcantly more repellent than the control and dried essential oil formulation in the Ebeling choice box experiments (Table 2) ; however, this result can be attributed to how fast the ␤-cyßu-thrin treatment killed (100% mortality in Ͻ48 h) and how much greater the repellency the essential oil formulation had when wet. EfÞcacy of an insecticide not only includes how toxic it is, but also on its repellency. Although we detected repellency with the Þpronil and ␤-cyßuthrin treatments in laboratory experiments (Fig. 1) , this did not diminish the efÞcacy of the products in the Þeld. The essential oil formulation temporarily reduced Asian cockroach numbers in this Þeld trial. Population reductions never exceeded Ϸ69%, and populations rebounded to pretreatment numbers by 30 d after treatment. This is likely owing to the repellent nature, lower toxicity, and shorter residual of the essential oil formulation. Essential oil formulations may be useful as part of an IPM program to repel cockroaches from points of entry into a structure or eliminate a harborage area such as a tree-hole or utility meter box, but the formulation tested would not be effective as a stand-alone treatment for perimeter application against the Asian cockroach. In addition to the modest efÞcacy of the essential oil formulation, it also had an obvious odor and might be unacceptable to some homeowners. Both Þpronil granules and liquid ␤-cyßu-thrin EC spray were quite toxic to Asian cockroaches and resulted in 100% reductions at days 7, 21, and 30 after treatment. These insecticides have a low mammalian toxicity and provide excellent residual activity against the Asian cockroach. Because both Þpronil granules and liquid ␤-cyßuthrin EC spray were toxic and effective against the Asian cockroach, these products should be considered in an IPM program when managing populations of Asian cockroaches around the home.
